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ABSTRACT 
 
In order to elucidate the mechanisms involved in the process of uranium leaching due to the 
rock-water interaction in the granitic rocks from Itu Complex (São Paulo, Brazil), an 
experimental arrangement was developed and built. About 2.5kg of crushed rock fragments 
from Cabreuva and Indaiatuba Intrusions were maintained at room temperature within a glass 
flask filled with circulating water. The percolating water was removed periodically (from 10 
to 30 days) for uranium analysis and then replaced by an equal volume of fresh water. Alpha 
spectrometry was used to determine the activity concentrations of 234U and 238U, and 
234U/238U activity ratios, of the waters as well as of the granites. The results for both samples 
showed that most of the uranium is leached in the first days after the contact between rock 
and water. The 234U/238U activity ratios were significantly greater than unity, indicating 
radioactive disequilibrium between those isotopes, probably due to alpha recoil. Although the 
uranium activity concentrations in the water samples diminished with the increasing of time, 
it was not observed considerable variations of the 234U/238U activity ratios. It was also noticed 
that, the amount of leached uranium as well as the 234U/238U activity ratios are characteristics 
of each sample submitted to leaching, reflecting the differences of the granite facies 
mineralogy.    
 
 

1. INTRODUCTION 
 
Uranium is one of the elements that most contribute to natural terrestrial radioactivity.  Its 
main radioisotopes are 238U and 235U that decay to stable lead isotopes through two series of 
relatively short life daughters. In a closed system, where no disturbance in the decay chain 
has occurred, the parent and daughter are in secular radioactive equilibrium, presenting the 
same activity. 
  
The natural radioactivity of waters is due to their interaction with rocks and minerals. Thus, 
water can be considered as the main transporting agent of radioactive elements. 
Groundwaters are not a closed system, as they interact with solid phases that discharge and 
recharge. Uranium can enter groundwaters through chemical or physical processes and the 
occurrence of 234U/238U disequilibrium is well known, presenting activity ratios are usually 
greater than unity (Suksi et al. 2006).  
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Studies of groundwater extracted from deep wells drilled in granitoids located in eastern of 
São Paulo State in the region of Morungaba, Itu and Salto towns showed that presented 
elevated U activity concentration (up to 40.7 ± 0.8 mBq/L), pronounced variation of 
234U/238U activity ratios, with 234U enhancement with respect to 238U achieving activity ratio 
values up to 18.3 ± 0.4 (Souza, 2006; Reyes and Marques, 2008; Reyes, 2010). These results 
prompted great interest in leaching laboratory studies, similar to those developed by Crespo 
(1996) and Bonotto (2000), among others, with the intent to investigate the uranium mobility 
during rock- water interaction in the granites from the Itu Complex. These rocks were chosen 
for the present study because both the granitoids and the groundwaters drawn from this 
bedrock aquifer are characterized by relatively high uranium concentrations (Pascholati, 
1990).  

The present study consisted in analyzing fresh distilled water that remained in contact with 
the Itu Complex granites during approximately six months. Alpha spectrometry was used to 
determine activity concentrations of uranium radioisotopes of the water as well of the 
granites. 

 
2.   THE ITU GRANITOID COMPLEX – SÃO PAULO - BRAZIL 

 

The Itu Granitoid Complex has an exposed area of approximately 310 km2 and covers the 
towns of Itu, Itupeva, Salto, Inadaiatuba and Cabreuva in the state of São Paulo.  It is mainly 
composed by pink to reddish syenogranites to pink-reddish monzogranites, with subordinate 
monzodiorites, granodiorites and quartz-monzonites. The rocks are mainly constituted of  
potash feldspar and quartz, and with biotite as their main mafic mineral. According to 
Galembeck (1997) the complex is divided in four intrusions:  Itupeva, Cabreuva, Salto and 
Indaiatuba.  

The rocks investigated in this study were collected on exposures of Cabreuva (sample GR-01; 
23°15´07.5´´ S and 47°09´44.3´´W) and Indaiatuba (sample GR-16; 23°11´3´´S and 
47°08´40´´W) intrusions. 

The sample GR-01 belongs to Cabreuva Intrusion (Fig. 1) is reddish and constituted by 
medium grained syeno to monzogranite, with a porphyritic texture. The main minerals are 
potash feldspar, plagioclase, biotite and quartz. Potash feldspar phenocrysts have dimensions 
of 10-30 mm. The rapakivi texture is also observed in this rock. The sample GR-16 belongs 
to Indaiatuba Intrusion (Fig. 1), is a porphyritic rock, with medium to coarse granulometry 
and pink to reddish in color. Phenocrysts are composed by potash feldspars, presenting this 
mineral, quartz and plagioclase and biotite in the groundmass. According to Gallembeck 
(1997) the rocks from Cabreuva and Indaiatuba intrusions commonly present as accessories 
minerals  allanita, titanite, zircon and apatite. 
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Figure 1.  Itu Granitoid Complex (simplified from 

Galembeck 1997). 

 

 
3.  SAMPLYING AND ANALYTICAL ARRANGEMENT 

 
3.1. Sample Preparation 
 
In nature leaching processes can take hundreds to thousands of years to occur. To accelerate 
this process at the laboratory, the granite samples were crushed to smaller pieces (diameters 
smaller than 9.5 mm) in order to increase the exposed superficial area. This way the number 
of uranium atoms in contact with water also increase.  
 
Firstly samples were broken down in smaller pieces with the assistance of a hydraulic press 
and then with a hammer to collect smaller fractions. About 5 kg of each individual samples 
were crushed until all the fragments could pass through the steel sieve of   9.5 mm. After this 
stage the crushed fraction, was divided in two parts (approximately 2.5 kg each), one for a 
matter of comparison throughout the experiment. A fraction of about 300 g was also 
separated for major and minor element analyses as well as for uranium determinations.  
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The 2.5 kg fractions passed through various steel sieves going from 6.4 mm until 0.09 mm. 
Each fraction was carefully weighted in order to determine the superficial area of the grains. 
The average diameter of each grain was stipulated as being the mean value between the sieve 
that the grain went through and the one it was retained.  
 
The 300 g fraction was grounded by using a mechanical agate mortar until it had entirely 
passed through a 0.09 mm (150 mesh) sieve. After that, the powder was homogenized for the 
uranium activity concentration determination. 
 
In order to avoid any kind of contamination all the material used during the sample 
preparation was carefully cleaned before and after every procedure with each sample. 
 
3.1.1. Determination of the fragment superficial area  
 
The superficial area of the grains is an important parameter to be considered in rock-water 
interaction studies, the greater the area greater the abundance of uranium leached. 
 
The crushed fragments were weighted according to their mean diameters. Assuming as a 
simplification that the fragments are spherical grains, the mass of each grain (m) is given by: 
 

3

3
4 rm πρ=                                                             (1) 

 
According to the approximation, one grain represents one sphere and in each fraction of a 
mass M there are n grains, so: 
 

m
Mn =                                                                     (2) 

 
The area of a sphere is A, so for n spheres: 
 

r
MrnA
ρ

π 34 2 ==                                                         (3) 

 
The density of each granite was determined using the principle of Archimedes where a body 
immersed wholly or partially in fluid (liquid or gas) experiences an up thrust force (buoyant 
force) equal to the weight of the fluid displaced. 
 
To determine the density at the laboratory a beaker with water, a thin copper wire and an 
analytical balance were used. Since water density varies with temperature, the measures were 
corrected through the density determination of a pure quartz sample (2.56 g/cm3). 
 
3.2. Experimental Arrangements 
 
To investigate the uranium mobility during water-rock interaction an experimental 
arrangement was developed to attain an efficient water percolation through the rock grains. 
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To achieve this, the main idea was that water percolates a rock grain bed contained in a glass 
flask from its bottom to the top. The experimental arrangement is shown in Fig. 2. 
 
 
 

 
 

Figure 2.  Experimental Arrangement 
 
Each set consisted of two glass flasks of 2.5L capacity (one where the sample was placed in 
and the other containing the water, which was continuously percolated throughout the sample 
grains by using an aquarium pump), a nylon cap with three holes, two silicone hoses for 
connecting the flasks (Fig. 2). 
 
The nylon lid of the sample flask had a larger circular hole, whereby the samples were 
introduced in the container, and two metal connectors, one as a water inlet and the other as a 
water outlet. A long glass tube was attached to the inlet connector in order to allow the water 
flowing from the bottom to the top of sample bottle. This arrangement geometry allowed the 
water percolation from the bottom to the top of the sample bed.  
 
The first two sampling occurred after seven and twenty-two days after the start of water 
percolation through the sample. The following collections occurred every thirty days after the 
last sampling. During data collection pH, temperature, resistivity and volume of the water 
withdrawn were measured. Then each sample was acidified with 9M HCl until a pH of ~2 
was reached.  
 
3.3. Uranium Analysis  
 
Alpha spectrometry requires a careful sample preparation, demanding high degree of 
purification in order to eliminate other interfering elements in the sample. The absence of 
impurities is mandatory as the alpha particle interacts strongly losing its energy in the 
collision with surrounding elements.  
 
Each sample having an average volume of 4L was evaporated until approximately 500 mL 
and then divided in two equal parts.  232U tracer and Fe3+ (5mg Fe3+/L in 9M HCL) carrier 
were added to each sample. 
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The 232U tracer had a specific activity of   1.38 ± 0.04 Bq/g. About 0.05 - 0.2 g (depending on 
the uranium concentration of the rock sample) of tracer solution and 10mL of Fe solution 
were added to each sample. Uranium was co-precipitated with Fe hydroxides by the addition 
of ammonium hydroxide. This precipitate was kept aside for one night until the supernatant 
became completely clear. The precipitate was filtered using a fast flow rate quantitative filter, 
and then dissolved with 9M HCl and evaporated until dryness. The dried sample was 
transferred to a Savillex® vial and treated with HF, HNO3 and HCl in order to eliminate 
silica.  
 
For uranium analyses in the rocks 0.5 g of each sample, previously grounded and passed 
through a 0.09 mm sieve, was used. 232U was added and the samples were also dissolved with 
HF, HNO3 and HCl, following the method proposed by Santos and Marques (2007). 
 
After this procedure the samples were ready to be passed through the ion exchange column 
that is a highly efficient technique to separate U from interfering ions. The glass columns 
were packed with AG 1-X8 anionic resins (100-200 mesh) and were 10 cm long and 15 mm 
width.  
 
Before analysis, the resin was washed with 100 mL of distilled water and conditioned with 40 
mL 9M HCl.  The solution obtained after the chemical treatment percolated the column, 
leaving U and Fe attached to the resin. Afterwards the column was washed three times 
consecutively with 10 mL of 9M HCl. The iron was eluted with 40 mL of 8M HNO3 and then 
the U was collected using 100 mL of HCl 0.1 M. 
 
Even after the chromatographic separation, it was noticed that samples presented a faint 
yellow color indicating the presence of iron. As this element is a strong interfering agent in 
electrodepositing, the solution was once more passed through the resin. The solution 
containing eluted U was evaporated to total dryness, recovered with 9M HCl and again 
passed trough the resin, but now using a maximum of  30 mL 8M HNO3. This is necessary to 
avoid the loss of uranium (Santos, 2001). 
 
Now purified, the uranium was electroplated following Hallstadius (1984). The collected 
0.1M HCl solution was evaporated until a few mL, then 1 mL of 0.3 M Na2SO4 was added 
and evaporated to total dryness. The residue was treated with 0.3 mL of concentrated H2SO4 
and heated until Na2SO4 was completely dissolved; during this procedure care was taken so 
the solution was not over heated and a significant amount of H2SO4 was lost. Then 5 mL of 
distilled water and 2 drops of thymol blue indicator were added to the solution, drops of 
concentrated NH4OH were added until the solution achieved an orange/yellow color. 
 
The solution was transferred to an electrodeposition cell, and the beaker where the solution 
was held was rinsed with 5 mL of 1% H2SO4.  The pH was adjusted to 2.1-2.4 with drops of 
concentrated NH4OH. The solution was electrolyzed for one hour at a current density of 1.2 
A/cm2. One minute before the time was completed 1 mL of concentrated NH4OH was added 
to ensure the setting of the deposit. The uranium was electroplated onto a polished stainless 
steal disc with 25 mm diameter and 0.5 mm thick. At the end the source was rinsed with 1% 
NH4OH and acetone and dried under an IR lamp.  
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To determine 238U, 234U and 232U activity concentrations, the radioactive targets were 
submitted to alpha spectrometry in a Canberra®, model A450 alpha spectrometer. The 
detector consists of a semiconductor silicon surface barrier type, calibrated to operate at 
energies between 3 and 7 MeV, under pressure of about 10-2 mbar. 
 
The samples were counted until the peak of the lowest activity radioisotope accumulated 
1000 counts, in general taking 1 to 2 days. 
 
During the several steps that the samples go through from chemical processing to final alpha 
particles counting, the risk of losing radioisotopes is high.  To determine and quantify this 
possible loss, the 232U tracer was added at the beginning of procedures in each sample and 
used to calculate the uranium chemical recovery. 

 
 

4. RESULTS 
 

The results of U concentration and 238U and 234U activity concentrations of the investigated 
samples are shown in Table 1 (rock samples) and Table 2 (water samples). The uranium 
recovery  for the rock samples was around 60%, while for the water samples the chemical 
yields varied between 46% to 97% (Tables 1 and 2). These results indicate that the analytical 
methodology used to determine the uranium concentrations is adequate, providing reliable 
results, since the recoveries are higher than 35 % (Gill et. al., 1992).   
 
 

Table 1. Uranium rock concentrations 
Rock sample Origin  Uranium Recovery (%) 238U (μg/g) 234U/238U 

GR-01 Cabreuva Intrusion 57±2 5.2±0,2 1.00±0.04 
GR-16 Indaiatuba Intrusion 64±2 4.6±0.2 1.00±0.04 

 
 
The uranium concentrations of the investigated rock samples are slightly similar when 
considering the errors associated with the measures. It is also observed that 234U and 238U 
isotopes are in secular radioactive equilibrium. 
 
The activity concentrations determined for the water samples from the interaction with GR-
16 present a uranium concentration much larger (around 6 times) than GR-01 (Table 2). 
Water samples of GR-01 present 238U varying from 0.014 ± 0.001 to 0.026 ± 0.001 mBq/L 
and 234U between 0.026 ± 0.001 and 0.051 ± 0.002 mBq/L. The activity concentrations of 
water samples of GR-16, ranged from 0.10 ± 0.01 to 0.20 ± 0.01 mBq/L and from 0.26 ± 0.01 
to 0.51 ± 0.03 mBq/L for 238U and 234U, respectively.  
 
For the water samples which percolated throughout GR-16 rock there is a decreasing of 
uranium concentrations over the course of the experiment. For the GR-01 water samples there 
is a considerable decreasing of uranium concentrations between the first and the second 
collections and subsequently the concentrations are equal taking into account the analytical 
uncertainties.  
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Table 2. Sampling dates, physicochemical parameters, uranium activity concentrations 
and 234U/ 238U activity ratios of the water collected during rock-water interaction 

experiment. 

 
 

Table 3. Determination of the superficial area and density of the investigated rocks 
Sample Ratios (mm) Mass (g) Superficial Area (m2) Density (g/cm3) 

7.94 992.00±0.01 0.143±0.0001 
6.01 237.72±0.01 0.04507±0.00003 
5.21 32.54±0.01 0.00712±0.00001 
3.38 474.66±0.01 0.1601±0.0001 
1.84 68.57±0.01 0.04243±0.00003 
1.27 130.86±0.01 0.1178±0.0001 
0.64 102.65±0.01 0.1840±0.0001 
0.34 44.50±0.01 0.1512±0.0001 
0.20 38.44±0.01 0.2194±0.0002 
0.13 23.55±0.01 0.2111±0.0002 
0.10 38.96±0.01 0.4573±0.0004 

GR-01 

Total 2184.45±0.02 1.7378±0.0004 

2.635±0.002 

     
7.94 1040.14±0.01 0.1493±0.0001 
6.01 186.02±0.01 0.03528±0.00003 
5.21 213.88±0.01 0.04680±0.00004 
3.38 500.47±0.01 0.1689±0.0001 
1.84 67.33±0.01 0.04167±0.00003 
1.27 141.53±0.01 0.1274±0.0001 
0.64 150.10±0.01 0.2692±0.0002 
0.34 53.90±0.01 0.1832±0.0001 
0.20 46.10±0.01 0.2632±0.0002 
0.13 21.44±0.01 0.1923±0.0002 
0.10 38.78±0.01 0.4553±0.0004 

GR-16 

Total 2459.69±0.01 1.93256±0.0004 

2.634±0.002 

 
 
Once the quantity of uranium leached from a rock depends on the superficial area of contact 
with the liquid phase, this parameter was estimated for each rock sample according to 3.1.1. 
The results of this estimation are listed in Table 3. The fraction mass for each grain sized and 
the results of density determination, used in order to determine the superficial area, are also in 
Table 3. For both rock samples, the density values are equal, within the analytical 
uncertainty.  
 

Water 
Sample Days pH T 

(°C) 

Uranium 
Recovery  

(%) 

U 
(ng/g) 

238U 
(Bq/L) 

234U 
(Bq/L) 

(234U/ 
238U) 

238U 
Accumulation 

(ng/gm2) 
GR1_1 7 7.1 23.9 75±2 2.1±0.1 0.026±0.001 0.051±0.002 2.0±0.1 1.1±0.1 
GR1_2 22 6.9 22.1 46±1 1.4±0.1 0.017±0.001 0.033±0.001 1.93±0.05 1.9±0.1 
GR1_3 52 6.9 20.9 69±2 1.1±0.1 0.014±0.001 0.026±0.001 1.87±0.05 2.5±0.1 
GR1_4 82 7.0 22.9 58±2 1.2±0.1 0.015±0.001 0.030±0.001 1.9±0.1 3.2±0.1 
GR1_5 112 7.4 24.5 71±2 1.3±0.1 0.016±0.001 0.030±0.001 1.8±0.1 3.9±0.1 

          
GR16_1 7 8.2 22.4 97±3 16±1 0.20±0.01 0.51±0.03 2.54±0.04 8.4±0.4 
GR16_2 22 8.2 23.6 87±3 14±1 0.17±0.01 0.43±0.02 2.60±0.04 15±1 
GR16_3 52 8.4 26.0 84±3 14±1 0.17±0.01 0.46±0.02 2.62±0.0.4 23±1 
GR16_4 82 8.3 23.3 88±2 12±1 0.15±0.01 0.40±0.02 2.7±0.1 31±1 
GR16_5 112 8.2 23.3 48±1 8.1±0.4 0.10±0.01 0.26±0.01 2.59±0.04 35±1 
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The 234U/238U activity ratios were significantly greater than unity, indicating radioactive 
disequilibrium between these two isotopes. The waters which were in contact with sample 
GR-01 present relatively low values, with an average of 1.90 ± 0.07. Water samples of GR-
16 present 234U/238U activity ratios higher then those of GR-01, with an average of 2.60 ± 
0.05. The variation of the activity ratios throughout the experiment can be seen in Fig. 3. 
 
Although the uranium concentrations are similar in the two rock samples, the amount of 
uranium leached during the experiment is distinct. Considering the effects of mass and 
superficial area the difference remains. It is remarkable that although uranium is readily 
leached when the rock is submitted to leaching, the results suggest that it is necessary much 
more then five months to achieve complete equilibrium, evidenced by a constant value for 
238U accumulation (Fig. 3). 
 
The significant differences of uranium leached in these two rocks are very probably related to 
mineralogy differences, including accessory phases which present high uranium 
concentrations. Chemical analysis of the whole rocks and of the water samples are being 
conducted and will improve the interpretation of the obtained results. 
 
Diagrams of 234U/238U activity ratios against the reciprocal uranium concentrations (Fig. 3) 
show that the water samples in both leaching experiments have the same behavior of the 
introduction of rain waters into aquifers, since those waters are characterized by having no 
uranium contents.  
 

 
5. CONCLUSIONS  

 
The analytical method employed for the uranium analysis provided reliable results with 
chemical recoveries varying between 46%  and 97%, which are significantly greater than the 
lowest acceptable level (35%) for a reproducible alpha spectrometry result (Gill et. al., 1992). 
The data showed that in all investigated water samples most of the uranium is leached in the 
first days after the contact between rock and water. The 234U/238U activity ratios were 
significantly greater than unity, indicating radioactive disequilibrium between those isotopes, 
probably due to alpha recoil (Osmond and Cowart, 1992). Although the uranium activity 
concentrations in the water samples diminished with the increasing of time, it was not 
observed considerable variations of the 234U/238U activity ratios. It was also noticed that the 
amount of leached uranium as well as the 234U/238U activity ratios are characteristics of each 
sample submitted to leaching, reflecting the differences of the granite mineralogy, especially 
accessory minerals. Chemical analysis (major, minor and trace elements) of the whole rocks 
and of the water samples are being conducted and will improve the interpretation of the 
obtained results. 
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Figure 3. 234U/238U activity ratios, 238U accumulation and correlation between activity 

ratios and U reciprocal concentrations of water samples. 
 
 
 
 



INAC 2011, Belo Horizonte, MG, Brazil. 
 

ACKNOWLEDGMENTS 
 
This work was supported by CNPq. Thanks are due to all that helped during the arrangement 
development and sample preparation. The first author expresses hers thanks to CAPES for a 
graduate fellowship.  
 

REFERENCES 
 
Bonotto, D.M., Andrews, J.N., Darbyshire, D.P.F., “A laboratory study of the transfer of 
234U and 238 during water-rock interactions in the Carnmenellis granite (Cornwall, England) 
and implications for the interpretation of field data”, Applied Radiation and Isotopes, 54, pp. 
977-994 (2000). 

Crespo, M.T., Pérez Del Villar, L., Jiménez, A., Pelayo, M., “Uranium isotopic distribution in 
the mineral phases of granitic fracture fillings by a sequential extraction procedure”,  Applied 
Radiation and Isotopes, 47, pp. 927-931(1996). 

Galembeck, T.M.B., “O complexo múltiplo, centrado e plurisserial Itu-SP”, Tese (Doutorado 
em Geociências) - Instituto de Geociências e Ciências Exatas, Universidade Estadual 
Paulista, Rio Claro, Brazil, 374 p. (1997). 

Gill, J.B., Pyle, D.M., Williams, R.W., “Igneous Rocks”, In: Ivanovich, M., Harmon, R.S. 
(Eds.), Uranium Series Disequilibrium - Applications to Environmental Problems, 2nd ed. 
Claredon Press, Oxford, pp. 207-258 (1992). 
 
Hallstadius, L., “A method for the electrodepostion of actinides”, Nuclear Instruments 
Methods in Physics Research, 223, pp 266–267 (1984). 
 
Osmond, J.K., Cowart, J.B. “Ground water”, In: Ivanovich, M., Harmon, R.S. (Eds.), 
Uranium Series Disequilibrium - Applications to Environmental Problems, 2nd ed. Claredon 
Press, Oxford, pp. 290-333 (1992). 
 
Pascholati, E. M., “Caracterização geofísica da suíte intrusiva de Itu”, Tese (Doutorado em 
Ciências) – Instituto de Astronomia, Geofísica e Ciências Atmosféricas, Universidade de São 
Paulo, São Paulo, Brazil, 135 p (1990). 
 
Reyes, E., “Comportamento dos radioisótopos 238U, 234U, 226Ra, 228Ra e da razão isotópica 
87Sr/86Sr em águas subterrâneas extraídas de corpos graníticos fraturados da suíte intrusiva de 
Itu (SP)”, Tese (Doutorado em Ciências) – Instituto de Astronomia, Geofísica e Ciências 
Atmosféricas, Universidade de São Paulo, São Paulo, Brazil,  108 p. (2010). 
 
Reyes, E; Marques, L.S., “Uranium series desequilibria in groundwaters from a fractured 
bedrock aquifer (Morungaba Granitoids Souhern Brazil): Implications to the hydrochemical 
behavior of dissolve U and Ra”, Applied Radiation and Isotopes, 66, pp1531-1542 (2008). 

Santos, R.N, Marques, L.S., “Investigation of 238U-230Th-226Ra and 232Th-228Ra-228Th 
radioactive disequilibria in volcanic rocks from Trinidad and Martin Vaz Islands (Brazil; 
Southern Atlantic Ocean)”, Journal of Volcanology and Geothermal Research, 161, pp. 215-
233 (2007). 



INAC 2011, Belo Horizonte, MG, Brazil. 
 

Souza, F., “Determinação das concentrações de atividade de 234U e 238U em águas 
subterrâneas de três poços perfurados em rochas da Suíte Intrusiva de Itu (SP)”, Dissertação 
(Mestrado) – Instituto de Astronomia, Geofísica e Ciências Atmosféricas, Universidade de 
São Paulo, São Paulo, Brazil, 106 p. (2006). 
 
Suksi, J., Rasilainen, K., Pitkanen, P. “Variations in 234U/238U activity ratios in 
groundwater - a key to flow system characterization?”, Phys. Chem. Earth, 31, pp 556–571 
(2006). 
 
 
 


